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Background: Proteins fold to unique three-dimensional structures, but how they
achieve this transition and how they maintain their native folds is controversial.
Information on the functional form of molecular interactions is required to
address these issues. The basic building blocks are the free energies of atom
pair interactions in dense protein solvent systems. In a dense medium, entropic
effects often dominate over internal energies but free energy estimates are
notoriously difficult to obtain. A prominent example is the peptide hydrogen bond
(H-bond). It is still unclear to what extent H-bonds contribute to protein folding
and stability of native structures.
Results: Radial distribution functions of atom pair interactions are compiled from
a database of known protein folds. The functions are transformed to Helmholtz
free energies using a recipe from the statistical mechanics of dense interacting
systems. In particular we concentrate on the features of the free energy functions
of peptide H-bonds. Differences in Helmholtz free energies correspond to the
reversible work required or gained when the distance between two particles is
changed. Consequently, the functions directly display the energetic features of
the respective thermodynamic process, such as H-bond formation or disruption.
Conclusions: In the H-bond potential, a high barrier isolates a deep narrow
minimum at H-bond contact from large distances, but the free energy difference
between H-bond contact and large distances is close to zero. The energy barrier
plays an intriguing role in H-bond formation and disruption: both processes
require activation energy in the order of 2kT. H-bond formation opposes folding
to compact states, but once formed, H-bonds act as molecular locks and a
network of such bonds keeps polypeptide chains in a precise spatial
configuration. On the other hand, peptide H-bonds do not contribute to the
thermodynamic stability of native folds, because the energy balance of H-bond
formation is close to zero.
Introduction
How and why proteins fold to unique structures and how
they maintain their native folds are controversial issues
[1]. The general consensus is that folding is driven by
molecular forces, that differences in free energy between
folded and unfolded states are in favour of native struc-
tures, that folding and unfolding transitions are coopera-
tive, and that hydrophobic effects, electrostatic
interactions and hydrogen bonds (H-bonds) play impor-
tant roles. But there is virtually no agreement on the rela-
tive significance, strength and functional form of the
various interactions observed in proteins and how their
combined action results in the formation and maintenance
of native structures [1].
For example, there is no conclusive answer to the issue of
whether hydrophobic and/or electrostatic effects favour
formation of ordered structures. In particular, the role of
H-bonds in protein folding has remained controversial
[1–3]. In vacuo formation of H-bonds is driven by strong
electrostatic forces [4], but in protein solvent systems
water molecules compete with protein H-bond donors and
acceptors and it is still unclear whether the net effect of
intramolecular H-bond formation stabilizes or destabilizes
protein folds.
In dense molecular systems, entropic effects are so strong
that they often dominate the functional form of the free
energy of atomic interactions, and the calculation of free
energies in protein solvent systems is a complicated task.
A frequently used approach is to specify the internal
energy, also called potential energy, of the system and to
estimate the entropic contribution to the free energy via
molecular dynamics or Monte Carlo simulations. This
approach requires a number of approximations and
assumptions. Consequently, quantitative estimates are
difficult to obtain [5]. Nevertheless, interesting conclu-
sions have been drawn from theoretical studies. In particu-
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lar, Yang and Honig [6,7] recently concluded on the basis
of Zimm–Bragg theory and molecular mechanics calcula-
tions that the free energy balance of H-bond formation is
close to zero or perhaps slightly unfavourable. 
Alternatively, the functional form of free energies of atom
pair interactions can be obtained from experimental data.
Here, we derive Helmholtz free energies, also called
potentials of mean force, for atom pair interactions in
soluble globular proteins from a database of structures
determined to atomic resolution. The potentials obtained
uncover the variation of free energy as a function of parti-
cle separation in an average protein solvent environment.
As differences in Helmholtz free energies correspond to
the reversible work required or gained when the distance
between two particles is changed, the functions directly
display the energetics of the respective process, such as
H-bond formation or disruption.
The potential functions obtained for interactions involving
peptide H-bond donors and acceptors indicate that H-
bonds act as molecular locks. A large free energy barrier
separates a deep narrow minimum at H-bond contact from
large distances. The barrier plays an intriguing role in H-
bond formation and disruption: both processes require acti-
vation energy in the order of 2kT, but the free energy
balance of H-bond formation is close to zero. The shape of
peptide H-bond potentials has important consequences. H-
bond formation opposes folding to compact states, but once
formed, H-bonds act as kinetic traps and a network of such
bonds keeps polypeptide chains in a precise spatial config-
uration. On the other hand, H-bonds do not contribute to
the thermodynamic stability of native folds, because the
energy balance of H-bond formation is close to zero.
Compared to other interactions, H-bond potentials involv-
ing peptide donors and acceptors are unique. Helmholtz
free energies obtained for attractive hydrophobic and elec-
trostatic interactions have relatively broad energy minima.
They are long ranged, they have no energy barrier and the
free energy balance of contact formation is in the order of
2kT for electrostatic and 1kT for hydrophobic interactions.
On average, two hydrophobic interactions or one ion pair
interaction can supply the activation energy required for
H-bond formation.
Results and discussion
Helmholtz free energies from radial distribution functions
The Helmholtz free energy, w(r), of atomic interactions is
related to the radial distribution function, g(r), by equation
1 [8,9]:
w(r) = – kT ln[g(r)] (1)
where kT is Boltzmann’s constant times absolute tempera-
ture. In terms of statistical mechanics, the functions g(r)
and w(r) are thermodynamic averages over the associated
canonical ensemble at constant density and temperature.
w(r), representing an ensemble average, is also called
potential of mean force. There is another important inter-
pretation for w(r) — it is the reversible work exchanged in
a process where the relative distances between two parti-
cles of the system are changed. Hence, Helmholtz free
energy, potential of mean force, and reversible work are
different names for the same physical quantity.
Radial distribution functions g(r) can be determined from
the structure factor of liquid samples obtained in diffrac-
tion experiments [8–10]. g(r) is a superposition of all inter-
atomic distances in the sample unless specific atoms or
atom pairs are selectively labelled as scatterers. Such frac-
tional radial distribution functions gab(r) for specific atom
types a and b have been determined for liquids of simple
composition [9], but the approach seems impractical for
complex molecular systems.
Experimental determination of gab(r) for peptide H-bonds
of proteins in aqueous solution, for example, requires that
only peptide N and O atoms act as scattering centres, with
all other atoms in the sample being transparent to the radi-
ation used. This is hard to achieve. On the other hand,
radial distribution functions can be compiled when the
structures of proteins dissolved in the sample are known
to atomic resolution.
Equivalence of distribution functions
Radial distribution functions gab(r) and potentials of mean
force wab(r) have been compiled previously for mainchain
atoms of proteins [11–17] and applied successfully in the
recognition of errors in experimentally determined struc-
tures [18] and in the prediction of protein folds by fold
recognition techniques [19–24]. It has been pointed out
previously that the definition of an appropriate reference
state and sparse data corrections are vital components in
the compilation of mean force potentials [11,15,17].
Here, we extend this approach to the calculation of arbi-
trary sets of potentials of mean force for atom pair interac-
tions occurring in proteins. Formally, distribution functions
gab(r) obtained from a database of structures and g′ab(r)
obtained from diffraction experiments are equivalent and
the well developed statistical mechanical theory of dense
interacting systems (e.g. [8]) is applicable in both cases.
Free energies are always tied to the average molecular
environment in the respective system. In this context, the
actual similarity between gab(r) and g′ab(r) is important. If
the functions turn out to be equivalent for practical pur-
poses, then the corresponding potentials wab(r) are excel-
lent approximations to free energies w′ab(r) in solution. To
address this point we set up a ‘Gedankenexperiment’ for
the determination of g′ab(r) of H-bond interactions, we
290 Folding & Design Vol 1 No 4
present the compilation of knowledge-based potentials in
a second step and finally discuss the main differences
between the two radial distribution functions.
Imagine a sample of many distinct soluble globular pro-
teins in aqueous solution. To prevent aggregation, all
species are present in very low but equal concentrations.
In all proteins, specific atoms have been labelled as scat-
terers, e.g. the peptide N and O atoms, with all other
atoms, including solvent molecules, being transparent.
The diffraction experiment yields a fractional distribution
function g′ab(r) and the associated potential w′ab(r) for the
N⋅⋅⋅O interaction. As the Helmholtz free energy w′ab(r) is
the reversible work required to bring two tagged particles
a and b from large separations to a mutual distance r,
w′ab(r) is the potential function for H-bond formation in an
average protein solvent environment.
We now determine gab(r) from a library of protein folds.
We take exactly the same set of proteins that was used to
prepare our hypothetical sample. We calculate the number
density ab(r) as a sum of all N⋅⋅⋅O distances in the fold
library by equation 2:
ab(r) = Σ ab(r – rpij) (2)
pij
where each distance is represented by a delta function
ab(r–rpij). The sum is taken over all N⋅⋅⋅O atom pairs i and
j and proteins p and the radial distribution function is
obtained from equation 3: 
gab(r) = ab(r)/ (3)
with  the bulk density of N⋅⋅⋅O interactions. The bulk
density  is the distribution of a and b atoms when no
interactions are present. This state, equivalent to an ideal
gas composed of a and b atoms, serves as the reference
state. As shown in the statistical mechanics of dense inter-
acting systems, the corresponding free energy is the
Helmholtz free energy of the interaction (e.g. [8]).
To calculate the bulk density , the volume V of the
sample has to be specified. As  the number density ab(r)
is compiled from a library of structures up to a cut-off dis-
tance R, the appropriate volume is ∫ RO 4r2 dr. Hence, the
bulk number density of interactions involving a and b
atoms is calculated from equation 4:
 = ∫ RO ab(r)dr / ∫ RO 4r2 dr (4)
and the free energy is calculated from equation 5:
w(r) = –kT ln[g(r)] = –kT ln[ab(r)] + kT ln[] (5)
The effect of the normalization constant  on w(r) is a
shift of the whole function by kT ln[] relative to  = 1 and
has no effect on energy differences among any two states
r1 and r2, defined by equation 6:
∆wab(r1,r2) = w(r2) – w(r1) (6)
and it does not affect mean forces, equation 7:
Fab(r) =
d
wab(r)
(7)
dr
Formally, Helmholtz free energies can be calculated from
both distributions g′ab(r) and gab(r). These energy func-
tions are equivalent, provided gab(r) is a good approxima-
tion to g′ab(r). This condition is satisfied if the distance
distributions of ab atom pairs of both systems are similar.
g′ab(r) is a superimposition of intramolecular distances of
individual protein molecules and intermolecular distances.
In contrast, gab(r) contains intramolecular terms only. In
dilute solutions, average intermolecular distances are large
and their contributions have little effect on the short dis-
tance range. Moreover, the intermolecular distances are
uncorrelated and the associated Helmholtz free energy
vanishes. Hence, in the short distance range the effect of
intermolecular contributions to g′ab(r) can be neglected.
The remaining issue is to what extent gab(r) can be consid-
ered as an approximation to the intramolecular part of
g′ab(r). The functions will be identical in practice, pro-
vided the distribution of intramolecular distances in
protein folds determined by X-ray analysis does not
deviate substantially from the corresponding distribution
in a dilute solution. Noticeable differences can occur only
when the library of structures is indeed fundamentally dis-
tinct from the same set of structures in solution, since
gab(r) and g′ab(r) are averages over a large number of dis-
tances where individual effects are wiped out. Nuclear
magnetic resonance studies indicate that folds in solution
are more flexible but nevertheless most similar to the
structures obtained from X-ray diffraction. Hence, the
ensemble averages gab(r) and g′ab(r) must be closely
related.
Mean force potentials of peptide H-bond donor and
acceptor interactions
Figure 1 shows the H-bond potential as a function of
peptide N⋅⋅⋅O separation in the distance range from 0 to
14 Å compiled from a library of unrelated X-ray structures.
The function has a deep potential well centered around
rc = 2.9 Å corresponding to H-bond contact. The superim-
posed oscillations, familiar from diffraction studies and
computer simulations of liquids, are due to near neighbour
effects [8–10].
Before we discuss the features of this potential we have to
address the practical issue of whether the current fold
library of unrelated X-ray structures contains enough
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information to determine gab(r) with sufficient precision.
The statistical reliability depends on the product of the
number densities Na(r) and Nb(r) of atom types a and b. In
fact, Figure 1 shows two potential functions. The first is
compiled from a set of 289 proteins resulting in ≈ 106 dis-
tances in the range of observation r < 14 Å. The second is
compiled from a subset of 150 proteins randomly chosen
from the larger set. The functions are practically indistin-
guishable, demonstrating that the amount of data available
is sufficient for reliable statistics. Compilations performed
on several independent subsets confirm this result
(MJ Sippl, unpublished data). Hence, the N⋅⋅⋅O interac-
tions can be estimated with considerable precision.
Protein molecules are linear and asymmetric chains of
amino acids. Both features affect the potentials. First, the
accessible range of N⋅⋅⋅O distances between two peptides
depends on the number, k, of intervening peptide units
along the chain and second, potentials are inherently
asymmetric. Both effects diminish with increasing k and
their effect on wab(r) should vanish for large separations.
The potential in Figure 1 is compiled for k > 8 and does
not take into account the asymmetry of polypeptide
chains. Consequently, the figure represents a long-range
H-bond potential that is an average over the two individ-
ual wNO(r) and wON(r) potentials.
Figure 2 superimposes the individual potentials wNO(r)
and wON(r). The difference between both potentials (and
those shown in Fig. 1) is negligible and the assumption of
symmetry, i.e. using a single potential function, is justi-
fied. The situation is quite different when small separa-
tions along the chain are included in wab(r). The potentials
wNO(r) and wON(r) compiled for all k > 1 (Fig. 3) are grossly
distinct. Distances associated with small separations along
the sequence have only a small effect on wNO(r), which is
quite similar to the functions shown in Figures 1 and 2.
But the -helix Oi⋅⋅⋅Ni+4 H-bond interaction, favoured by
the local steric geometry of polypeptide chains, changes
wON(r) dramatically. If the Oi⋅⋅⋅Ni+4 distances are removed
from wON(r), the function is most similar to wNO(r)
(MJ Sippl, unpublished data).
The constraints imposed by the geometry of covalently
linked peptide units affect the free energies of individual
atom–atom interactions. Clearly, entropic effects in the
Oi⋅⋅⋅Ni+3 interaction are different from those in the
Oi⋅⋅⋅Ni+4 pair and a detailed description of the energetic
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Figure 1
Helmholtz free energy or mean force potential for the H-bond
interaction N⋅⋅⋅O of peptide N and O atoms separated by more than 8
peptide units along the chain. [wNO(r)] is in units of kT and r in Å. The
plot contains two functions. The first is compiled from the fold library of
289 proteins, the second from a subset of 150 proteins chosen
randomly from the fold library. The functions are practically identical
demonstrating that evaluation of wNO(r) is statistically reliable. Other
randomly chosen subsets yield identical results (MJ Sippl, unpublished
data).
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Figure 2
Mean force potentials wNO(r) (bold line) and wON(r) (thin line) for the H-
bond interaction N⋅⋅⋅O for k > 8. Free energies are in units of kT and r
in Å. The functions are very similar, indicating that the assumption of
symmetry (i.e. neglect of chain direction) is valid for k > 8.
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Figure 3
Mean force potentials wON(r) (bold line) and wNO(r) (thin line) for the H-
bond interaction N⋅⋅⋅O for k > 1. Free energies are in units of kT and r
in Å. For comparison, the function shown in Fig. 1 is superimposed
(fine line). The functions are grossly distinct and the assumption of
symmetry is invalid for small values of k. Short-range effects (i.e. small
k-values) have little effect on wNO(r), but the unique -helical H-bond
favoured by the local stereochemistry has a strong influence on wON(r).
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features of protein chains requires the compilation of indi-
vidual potentials, w kab(r), for small separations k. In princi-
ple this can be done, but the problem of sparse data has to
be addressed appropriately. Here, perhaps with a few
exceptions below, we restrict the analysis to types of inter-
actions whose statistical reliability is easy to judge.
Each peptide unit contains one H-bond donor and accep-
tor in close spatial proximity and invariant relative orienta-
tion. Formation of H-bonds between two peptide units
always results in relatively close contacts of N⋅⋅⋅N and
O⋅⋅⋅O pairs. These interactions are repulsive, but they are
strongly affected by the attraction of N⋅⋅⋅O pairs. Each
peptide H-bond enforces an N⋅⋅⋅N interaction with an
associated free energy minimum at 5 Å (Fig. 4). The O⋅⋅⋅O
interaction shows similar effects (Fig. 5). The functions in
Figures 1–5 emphasize the basic nature of mean force
potentials. They always depend on the specific context in
which they are defined because they are averages over the
surrounding medium. Features that are invariant in the
given context have a strong effect on the potentials, vari-
able features are averaged out.
Characteristic features of peptide H-bond interactions
The H-bond potential wNO(r) (Fig. 1) has two intriguing
features. First, the minimum at H-bond contact is sepa-
rated by a high energy barrier from larger distances.
Hence, H-bond formation requires energy input that is
immediately regained when H-bond contacts are formed.
Once formed, H-bonds are locked in a deep narrow
minimum. The reverse process, breaking H-bonds, also
requires activation energy to surmount the barrier.
Second, the Helmholtz free energy difference between H-
bond contact wNO(rc) and large distances (r > 8 Å) is very
small. Consequently, H-bonds do not contribute to the
thermodynamic stability of native folds. The activation
energy required to form H-bonds opposes folding, and the
energy to drive the folding process has to be supplied by
other interactions. But the deep narrow energy valley at
H-bond contact acts as a kinetic trap. Once formed, H-
bonds resist unfolding and a network of such bonds locks
the protein backbone in a precise configuration.
Formation of peptide H-bond networks in proteins
involves a transition of the polypeptide chain from an
unordered to an ordered state. Docking of H-bond part-
ners requires that two sections of the chain that are far
apart in sequence approach each other in a concerted
action. In this approach, a high entropy barrier has to be
surmounted. The form of wNO(r) displays the combined
effects of entropic and electrostatic terms. The entropic
repulsion increases with decreasing distance and only at
H-bond contact is the electrostatic attraction strong
enough to compensate for the entropic repulsion, but both
terms merely cancel.
H-bonds between peptide units and sidechain atoms
Several amino acid sidechains have functional groups that
can form H-bonds among each other or to peptide units.
As sidechains are more flexible, there are less geometric
constraints and more degrees of freedom as compared to
the approach of two peptide units, which are always asso-
ciated with the bulky backbone. Consequently, the
entropic repulsion of H-bond formation involving
sidechains should be smaller.
Figure 6 shows the H-bond potential for the peptide O
and asparagine N atoms. The entropic barrier is only half
the size as compared to the wNO(r) interaction, but again
the energy difference between large distances and close
contacts is vanishingly small. Compared to wNO(r), the
compilation of free energies involving sidechain atoms is
less reliable due to lower counts. The amount of noise
present can be qualitatively judged by comparing the
asymmetric potentials for Asn-N⋅⋅⋅O and O⋅⋅⋅Asn-N,
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Figure 4
Mean force potential wNN(r) (bold line) for the peptide N⋅⋅⋅N interaction
(k > 8). Free energies are in units of kT and r in Å. For comparison, the
function shown in Fig. 1 is superimposed (thin line).
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Figure 5
Mean force potential wOO(r) (bold line) for the peptide O⋅⋅⋅O
interaction (k > 8). Free energies are in units of kT and r in Å. For
comparison, the function shown in Fig. 1 is superimposed (thin line).
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although differences in these functions may point to dis-
tinct energetic features of these interactions. As shown in
Figure 6, there are slight variations but the general fea-
tures are quite similar.
Asparagine can form another H-bond to the peptide N
atom through its O oxygen (Fig. 7). The depth of the
minimum at H-bond contact is ≈ 0.5kT higher than in the
peptide O and Asn-N interactions resulting in a slightly
positive energy balance for H-bond formation. According
to Figure 7, this H-bond is thermodynamically
unfavourable. On the other hand, the difference between
barrier height and minimum is ≈ 1kT for both types of
asparagine peptide H-bonds resulting in comparable acti-
vation energies for H-bond disruption.
With the exception of an additional CH2 group, glutamine
is identical to asparagine. Figures 8 and 9 show that the
respective potential functions of glutamine and those of
asparagine are practically indistinguishable (Figs 6,7). In
particular, potentials for analogous interactions such as
Asn-O⋅⋅⋅peptide-O and Gln-O⋅⋅⋅peptide-O have similar
energies at H-bond contact.
Another interaction with a strong electrostatic contribution
is between ionic aspartic carboxyl oxygens and peptide N
atoms (Fig. 10). Perhaps surprisingly, the respective mean
force potential is quite similar to the asparagine O and
glutamine O interactions (Figs 8,9), the main difference
being the longer repulsive tail in the Asp-O⋅⋅⋅N potential.
Figure 11 shows the glutamine N interaction with
asparagine O atoms. This is an example of H-bonds
between sidechain atoms. The functions seem to indicate
that there is no entropic barrier, but the data set is very
sparse and the potentials are statistically unreliable.
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Figure 6
Mean force potentials for the Pep-O⋅⋅⋅Asn-N (bold line) and Asn-
N⋅⋅⋅Pep-O (thin line) interactions (k > 8). Pep denotes the peptide
unit. Free energies are in units of kT and r in Å. For comparison, the
function in Fig. 1 is superimposed (fine line).
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Figure 7
Mean force potentials for the Pep-N⋅⋅⋅Asn-O (bold line) and Asn-
O⋅⋅⋅Pep-N (thin line) interactions (k > 8). Pep denotes the peptide
unit. Free energies are in units of kT and r in Å. For comparison, the
function in Fig. 1 is superimposed (fine line).
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Figure 8
Mean force potentials for the Pep-O⋅⋅⋅Gln-N (bold line) and Gln-
N⋅⋅⋅Pep-O (thin line) interactions (k > 8). Pep denotes the peptide
unit. Free energies are in units of kT and r in Å. For comparison, the
function shown in Fig. 1 is superimposed (fine line).
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Figure 9
Mean force potentials for the Pep-N⋅⋅⋅Gln-O (bold line) and Gln-
O⋅⋅⋅Pep-N (thin line) interactions (k > 8). Pep denotes the peptide
unit. Free energies are in units of kT and r in Å. For comparison, the
function shown in Fig. 1 is superimposed (fine line).
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Instead, we investigate the average potential of all nitro-
gen N-H2 and oxygen =O sidechain atoms that can form
H-bonds among each other (Fig. 12). Still there are less
data available, as compared to H-bond interactions involv-
ing peptide donors and acceptors, but two important fea-
tures emerge. First, there is no sign of a significant energy
barrier for H-bond formation and second, the energy
balance of H-bond formation is roughly 1kT, indicating
that H-bonds between sidechain atoms contribute to the
thermodynamic stability of native folds.
Peptide H-bonds in relation to other interactions
Taken together, the differences in the potentials indicate
that H-bonds of peptide units are special, their potentials
having the following characteristic features: a deep narrow
energy well at H-bond contact, and a small or vanishing
free energy balance of H-bond formation. The conse-
quence is that H-bond formation involving donors and
acceptors in the protein backbone does not drive folding
to compact states.
The driving force for folding to native structures has to be
supplied by other interactions. Prominent candidates are
hydrophobic and electrostatic forces. Figures 13 and 14
show that the functional form of the free energy corre-
sponding to these interactions is indeed fundamentally
different from those of peptide H-bonds. The potentials
have broad energy valleys, they have no significant barrier
separating the global minimum from large distances and,
most important, free energy differences between large dis-
tances and close contacts are substantial. For the
methyl–methyl interaction between the CH3 groups of
valine C and isoleucine C atoms, a typical hydrophobic
interaction, this difference is in the order of 1kT. More-
over, the interaction is extremely long ranged, the two
methyl groups attracting each other to distances of 14 Å
and beyond.
The ionic interaction between aspartic carboxyl oxygens
O and amino nitrogen N of lysine has a shorter range,
extending approximately to 10 Å. The energy gain of
contact formation being ≈ 2kT is roughly twice as large as a
typical hydrophobic contact. As a rough estimate, one
ionic interaction or two hydrophobic contacts can supply
the activation energy to push two peptide H-bond part-
ners over the energy barrier. This energy is immediately
regained when a H-bond contact is formed and is available
for stabilization or subsequent folding events.
Other important factors in protein folding are repulsive
forces, exemplified by the interaction between aspartic
carboxyl O atoms and peptide O atoms (Fig. 15). These
oxygen atoms repel each other to ≈ 10 Å. The small dip
near 5 Å originates in the attractive interaction of carboxyl
O and peptide N atoms (Fig. 10).
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Figure 10
Mean force potentials for the Pep-N⋅⋅⋅Asp-O (bold line) and Asp-
O⋅⋅⋅Pep-N (thin line) interactions (k > 8). Pep denotes the peptide
unit. Free energies are in units of kT and r in Å. For comparison, the
function shown in Fig. 1 is superimposed (fine line).
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Figure 11
Mean force potentials for the Gln-N⋅⋅⋅Asn-O (bold line) and Asn-
O⋅⋅⋅Gln-N (thin line) interactions (k > 8). Free energies are in units of
kT and r in Å. For comparison, the function shown in Fig. 1 is
superimposed (fine line).
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Figure 12
Mean force potentials for the N-H2⋅⋅⋅O= and O=⋅⋅⋅N-H2 (both shown
with thin lines) interactions (k > 8). The symmetric mean force potential
obtained by adding the respective distribution functions is shown in
bold. Free energies are in units of kT and r in Å. For comparison, the
function shown in Fig. 1 is superimposed (fine line).
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Role of H-bonds in protein folding and stability
In summary, the Helmholtz free energies or mean force
potentials obtained in this study shed some light on the
peculiarities of protein folding and the energetic architec-
ture of native structures. Spontaneous folding to a unique
conformation requires that the free energy difference
favours the native state. Since the free energy balance of
peptide H-bond formation is close to zero, these interac-
tions do not drive folding, in agreement with the conclu-
sions reached by Yang, Honig and Cohen [1,5,6]. In the
compact state, typical for native structures, peptide H-
bonds constrain the possible geometries of polypeptide
backbones, but a specific fold is selected primarily by
sidechain interactions [1].
The energy barriers in the H-bond potentials keep
peptide units apart, impeding H-bond formation. On the
other hand, hydrophobic and other attractive but unspe-
cific interactions drive the chain to a compact state. The
result of these opposing effects may resemble a molten
globule. Every peptide unit carries a H-bond donor and
acceptor so that the total energy barrier for the collapse to
a compact native conformation is high. Formation of H-
bond networks characteristic of all native folds requires
that the interactions that drive this transition are highly
cooperative. Of course this does not imply that there are
no intermediates. The main events in folding depend on
the force field of a specific polypeptide chain which in
turn is a function of the amino acid sequence. In most
cases, force fields of random sequences will lack this coop-
erativity.
The H-bond potential shown in Figure 1 is a general
peptide H-bond in the sense that it is an average over all
proteins in the database and an average over all amino acid
types. This does not imply that sidechains have no effect
on H-bond formation, but simply means that we have
averaged over sidechain effects of particular amino acids.
The peptide H-bond potential for specific pairs of amino
acids is modulated by the presence of sidechains. In the
case of glycine pairs, for example, we find that the barrier
height is only 1kT as compared to 2kT for the average
peptide H-bond, but the functional form is similar to the
average H-bond and in particular the energy balance of H-
bond formation is close to zero. On the other hand, the
alanine–alanine interaction is practically identical to the
average H-bond (MJ Sippl, unpublished data). A more
detailed analysis of individual sidechain effects is possible
but more difficult due to the very small data set for atom
pairs of rare amino acids.
Finally, we comment on some general aspects of poten-
tials of mean force. The potentials discussed here derive
from a database of X-ray structures using the theory of
dense interacting systems in equilibrium. With the excep-
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Figure 14
Mean force potentials for the Asp-O⋅⋅⋅Lys-N (bold line) and Lys-
N⋅⋅⋅Asp-O (thin line) interactions (k > 8). Free energies are in units of
kT and r in Å. For comparison, the function shown in Fig. 1 is
superimposed (fine line).
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Figure 15
Mean force potentials for the Pep-O⋅⋅⋅Asp-O (bold line) and Asp-
O⋅⋅⋅Pep-O (thin line) interactions (k > 8). Pep denotes the peptide
unit. Free energies are in units of kT and r in Å. For comparison, the
function shown in Fig. 1 is superimposed (fine line).
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Figure 13
Mean force potentials for the Ile-C⋅⋅⋅Val-C (bold line) and Val-C⋅⋅⋅Ile-
C (thin line) interactions (k > 8). Free energies are in units of kT and r
in Å. For comparison, the function shown in Fig. 1 is superimposed
(fine line).
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tion of sparse data corrections for some types of potentials,
no additional assumptions or approximations are involved.
The functions obtained are Helmholtz free energies and
as such they reflect the average energetic situation of a
particular interaction in this medium.
In the discussion of potentials we have frequently referred
to dynamic processes, such as H-bond formation. The
potentials derive from static structures, and conclusions
regarding dynamic processes may seem difficult to accept.
However, differences in Helmholtz free energies and
mean force potentials correspond to the reversible work
exchanged in a thermodynamic process. In terms of
atom–atom interactions this corresponds to the free energy
change in the process r1 → r2, i.e. ∆w1→2 = w(r2) – w(r1). As
always in the application of equilibrium thermodynamics,
this change in the relative separation of the two particles
has to proceed on a reversible path.
Materials and methods
In the present study, Helmholtz free energies are compiled from a fold
library. Distances between all atom pairs a and b found in the fold
library are calculated in the distance range 0 ≤ r ≤ 14 Å sampled in
intervals of 0.3 Å. The resulting number density ab(r) is normalized
yielding the radial distribution function gab(r) as shown in equation 8:
gab(r) = ab(r)/ (8)
 is the number density of atom pairs divided by the observed volume,
as shown in equation 9:
 = ∫ RO ab(r)dr / ∫ RO 4r2 dr (9)
(R = 14 Å), and the Helmholtz free energy or potential of mean force is
calculated from equation 10:
wab(r) = –kT ln[g(r)] (10)
A sparse data correction [11] was applied using the same value σ =
1/10 in all cases. This correction has only a small effect on the poten-
tials. Statistical fluctuations are only slightly suppressed but numerical
problems are avoided. In particular, ρab(r) is zero for very small dis-
tances corresponding to atomic overlap resulting in ln[0] = ∞. In this
situation, sparse data correction yields a small numerical value for ab(r)
and a large but finite value of ln[ab(r)]. Smaller values for  suppress
statistical fluctuations more efficiently, but our goal here is the explicit
demonstration of the statistical reliability of various potentials.
The library of folds is prepared from the Brookhaven Protein Data Bank
[25] in the following way. All X-ray structures from the October 1995
release having a resolution better than 2.5 Å are extracted. The
sequence homology of each protein to all others in this subset is com-
puted. All proteins having amino acid identities > 25% define a family
of related proteins. From each family we take the structure of highest
resolution. These proteins (289 monomer structures) define the fold
library of unrelated proteins used for the compilation of potentials
where any pair of structures has sequence identity < 25%.
Quality of structure determinations and possible errors in structures
affect the quality of potentials wab(r). Since the potentials are averages
over a library of folds, low quality and occasional errors are negligible
provided the average quality is good and errors are infrequent. The
major problems we encountered are atomic overlaps and bad stereo-
chemistry. It is somewhat surprising that a substantial number of
protein folds in the Brookhaven Protein Data Bank have one or several
atomic overlaps and/or unrealistic covalent geometry. Since close con-
tacts map into the distance range that is unoccupied in a proper radial
distribution function, such data give rise to artificially low energies at
close contacts. In the present study, we removed all proteins that
would affect the potentials in this way.
Sometimes protein folds are erroneous due to frame shift errors in
amino acid assignment and/or misinterpretation of electron densities.
These errors are usually confined to low-resolution studies. New folds
are checked by PROSA-II [18], a program that can detect faulty struc-
tures, before they are added to our fold library. Suspicious structures
are rejected.
Coordinates obtained from X-ray analysis are often refined using mole-
cular mechanics force fields. These energy functions model atom–atom
interactions in proteins and the question is to what extent refinement
affects mean force potentials derived from a library of folds. As a rule,
protein conformations are not grossly changed by refinement. The main
results are correction of atom–atom clashes and distorted covalent
geometries. The resulting effect on mean force potentials is small for
several reasons. First, small changes in individual conformations result
in even smaller changes in ab(r). Second, mean force potentials are
averages over structures obtained by a variety of different refinement
protocols. In summary, refinement may have some influence on the fine
details of potentials, but their general form is not affected.
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